The type I interferon (alpha and beta interferon [IFN-␣/␤]) response constitutes one of the first lines of defense against virus infections (14) . Most cells respond to viral infection by the production and secretion of IFN-␤. This cytokine induces the activation of innate antiviral genes through the JAK/STAT pathway and participates in the stimulation of downstream immune events resulting in the activation of specific cells involved in innate and adaptive antiviral immunity (6, 47) . Critical elements in the induction of IFN-␣/␤ are the cellular components involved in sensing viral infection through the recognition of viral products. These sensor molecules initiate the molecular events leading to the transcriptional induction of IFN-␣/␤. Initially, it was recognized that toll-like receptors (TLR) participate in the detection of products derived from many pathogens, including viruses (1) . These transmembrane proteins sample the extracytoplasmic environment and initiate a signaling cascade from their cytoplasmic tails resulting in activation of the IFN-␣/␤ promoters (24) . Particularly important for the detection of RNA viruses are TLR3, TLR7, and TLR8, which recognize double-stranded RNA (dsRNA) and single-stranded RNA, mainly in endosomal compartments (2, 10, 18, 33) . However, the lack of major deficiencies associated with IFN-␣/␤ induction by viruses in mice and cell lines lacking critical components of the TLR pathway indicated the existence of additional cellular sensors responsible for triggering IFN-␣/␤ production after viral infection (12, 31, 34) .
Recently, the retinoic acid-induced gene I product (RIG-I) was identified as a cytoplasmic sensor of dsRNA and of RNA virus infection (48, 55) . This protein contains a DExD/H box helicase domain at its carboxy terminus and, upon binding to dsRNA, appears to expose an amino-terminal caspase-recruiting domain (CARD). The RIG-I CARD motif mediates interaction with a second CARD-containing protein, named IPS-1, MAVS, VISA, or CARDIF, and an activation signal is then transmitted to the kinases TBK1 (TANK-binding kinase 1) and IKKε (IB kinase ε) (25, 28, 37, 44, 54) . The activation of these kinases results in phosphorylation and activation of IRF-3 and IRF-7, two related transcription factors that are involved in activation of IFN-␣/␤ expression (19) . The CARD-containing DExD/H box helicase MDA-5, a protein highly related to RIG-I, also appears to be able to sense dsRNA in a similar fashion, resulting in IFN-␣/␤ induction (3) . The importance of RIG-I and MDA-5 in mediating IFN-␣/␤ expression in response to RNA virus infections and in inducing antiviral responses has been recently demonstrated with murine knockout cells and animals (23) . In particular, RIG-I appears to be essential for the production of IFN-␣/␤ by several RNA viruses, including paramyxoviruses, flaviviruses, and influenza viruses (23) .
In order to overcome the antiviral response induced by IFN-␣/␤, most viruses have evolved viral products that antagonize this response at multiple levels (for a recent review, see reference 17). In the case of influenza A virus, a segmented negative-strand RNA virus, the viral nonstructural protein 1 (NS1) has been shown to be essential for the inhibition of the IFN-␣/␤ response to levels that allow efficient viral replication in vivo (15) . The NS1 protein antagonizes both the induction of IFN-␤ (49) and the activity of PKR and OAS, IFN-induced proteins with antiviral activities (5, 27, 38) . It has been shown that NS1 inhibits IFN-␤ expression by preventing the activation of IRF-3 and IRF-7 transcription factors during viral infection (45, 49) . This might be attributed to the ability of NS1 to bind to dsRNA and to possibly sequester this molecule from recognition by cellular sensors (13, 51) . However, we recently found that an NS1 mutant protein unable to bind to dsRNA still partly retains its IFN-inhibitory activity, raising the possibility that the NS1 protein counteracts the IFN response by a dsRNA-binding independent mechanism (11) . In this report, we describe that the NS1 interacts with the RNA helicase RIG-I. We also show that RIG-I-mediated induction of IFN-␤ is prevented by expression of NS1 in the absence of dsRNA. Thus, targeting of the RIG-I pathway by NS1 results in inhibition of the host IFN-mediated antiviral response, and this is likely to have an important role in the virulence and pathogenesis of influenza A viruses.
MATERIALS AND METHODS

Cells and viruses.
293T and Vero cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. Stocks of Newcastle disease virus (NDV) expressing green fluorescent protein (GFP) (41) or monomeric red fluorescence protein (mRFP), Sendai virus (SeV) Cantell, and influenza A/PR/8/34 (PR8) virus were grown in 10-day-old embryonated chicken eggs as previously described. delNS1, a recombinant PR8 virus lacking the NS1 gene, was grown in 7-day-old embryonated eggs (50) .
rNDV-mRFP. The monomeric red fluorescence protein has been described previously (9) . Roger Tsien kindly provided the pRSETb-mRFP vector containing the mRFP open reading frame (ORF). To clone the mRFP gene into the full-length NDV cDNA, the mRFP gene was amplified with the following primers: mRFP/NDV/5Ј (5Ј-CGCGTCTAGATTAGAAAAAATACGGGTAGAACCG CCACCATGGCCTCCTCCGAGGACGTCATC-3Ј), containing an XbaI site (underlined), NDV gene end (bold), NDV intergenic region (T), NDV gene start (italic), and Kozak sequence (CCGCCACC) before the mRFP start codon; and mRFP/NDV/3Ј (5Ј-CGCGTCTAGATTAGGCGCCGGTGGAGTGGCGGCC), containing an XbaI site (underlined). The PCR product was digested with XbaI and subcloned into the same site of pNDV-F3A (42) . Recombinant NDV expressing the mRFP (rNDV-mRFP) was rescued as described in reference 39. Virus expression of mRFP was confirmed after infection of chicken embryo fibroblast cells and the detection of mRFP expression by fluorescence microscopy twenty-four hours postinfection (data not shown).
Plasmids. The pEGFP-IRF-3 and pCAGGS-NS1 plasmids have already been described (4). pCAGGS-Flag-RIG-I expression plasmids were obtained by cloning RIG-I-containing sequences into pCAGGS-Flag. The RIG-I cDNA was first obtained from RNA recovered from IFN-treated A549 cells and then cloned into pEF-Tak (a pEF-derived vector). DNA coding sequences corresponding to wildtype RIG-I, amino-terminal mutant RIG-IN, and carboxy-terminal mutant RIG-IC were amplified from pEF-Tak-RIG-I using primer sets 5RigNot (5Ј-ATAAGAAT GCGGCCGCGACCACCGAGCAGCGACGCAGC-3Ј) and 3RigNhe (5Ј-CTAG CTAGCTTATCATTTGGACATTTCTGCTGG-3Ј), 5RigNot and 3ЈNheIRIG-I (5Ј-CTAGCTAGCTAGTTATCATTTTTTAAGATGATGTTCAC-3Ј), and 5RigCNot (5Ј-GATAAGGCGGCCGCGGAATGCCAGAATCTTAGTGAG-3Ј) and 3RigNhe. PCR fragments were digested with NotI and NheI and cloned into NotI-and NheI-digested pCAGGS-Flag. IPS-1 was amplified by PCR from the human cDNA clone pCMV-SPO T6 (catalog no. 5751684; ATCC) and subcloned into pCAGGS-HA-NH2 by using SacI and SmaI. pCAGGS-HA-NH2 is a derivative of pCAGGS-MCS (40) that contains the influenza virus hemagglutinin (HA)-derived epitope YPYDVPDYA and expresses NH 2 -terminal HAtagged proteins. pCAGGS-NS1-GFP, encoding a NS1-GFP fusion, was generated by cloning the influenza PR8 virus NS1 ORF into the EcoRI and SmaI restriction sites of the pCAGGS-GFP expression vector. The pCAGGS-GFP plasmid is a pCAGGS-MCS variant containing two multiple-cloning sites that flank the GFP coding sequence and thus expresses amino-and/or carboxyterminal GFP fusion proteins. Reporter plasmids pIFN␤-GFP/CAT and pHISG54-GFP/CAT each encode a chimeric GFP-chloramphenicol acetyltransferase (CAT) protein under the control of IFN-␤ and interferon-stimulated gene-responsive element (ISRE) promoters, respectively, and they were made by cloning the GFP ORF in frame with the CAT gene present in pIFN␤-CAT (52) and pHISG54-CAT (7) by using appropriate restriction endonucleases.
Bioassays. To measure the amount of interferon produced by 293T cells following transfection with the indicated plasmids and/or by infection with the indicated viruses, bioassays were performed as described elsewhere (41) Indirect immunofluorescence assays. 293T cells that were transfected with the indicated plasmids and/or mock infected or infected with SeV were fixed with 2.5% paraformaldehyde and permeabilized with 0.5% NP-40. To detect SeV infection, cells were treated with 1 g/ml of monoclonal antibodies 11F3 and 5F5 (Mount Sinai Hybridoma Center) and then with secondary fluorescein isothiocyanate-conjugated anti-mouse immunoglobulin antibody (catalog no. F 0261; Dakocytomation).
Western blotting. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto nitrocellulose filters. After a blocking with 10% milk, the filter was incubated with monoclonal anti-Flag M2 antibody (Sigma) and monoclonal or polyclonal anti-NS1 antibodies that were kindly provided by Jonathan Yewdell. After being washed with phosphate-buffered saline (PBS) containing 0.5% Tween-20, the filters were incubated with the secondary horseradish peroxidase-conjugated anti-mouse or anti-rabbit immunoglobulin antibody (Amersham Biosciences). The horseradish peroxidase immunocomplexes were detected using an enhanced chemiluminescence kit from PerkinElmer (catalog no. NEL101). NS1-GFP protein expression was detected in Western blot analyses with an anti-GFP monoclonal antibody (catalog no. 632380; Clontech).
Reversible cross-linking immunoprecipitation. Transfected and/or infected cells were washed, collected, and resuspended in PBS. Dithio-bis(succynimidyl propionate) was added into the suspension at a final concentration of 1 mM, and this was incubated on ice for 30 min. The cross-linking reaction was stopped by the addition of 100 mM glycine and further incubation on ice for 15 min. Cells were collected by centrifugation and lysed in radioimmunoprecipitation assay (RIPA) buffer (Tris-HCl [pH 7.4], 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA). The lysates were incubated with anti-Flag agarose (Sigma) at 4°C for several hours, and the beads were washed three times with RIPA buffer. The beads were resuspended in PBS containing 150 ng/ml 3 ϫ Flag peptide (Sigma) and incubated at 4°C for 30 min. After centrifugation, the immunoprecipitated protein complexes were eluted from the beads and subjected to SDS-PAGE and Western blotting.
CAT and luciferase assays. Cells were lysed in reporter lysis buffer (Promega) and cleared by centrifugation. For CAT assays, 50 l of lysate was incubated in 250 mM Tris-HCl (pH 7.5), 875 g/ml acetyl coenzyme A, and 10 nmol/ml 14 C-chloramphenicol at 37°C for 2 h. After incubation, the reaction mixture was extracted with ethylacetate. The extract was evaporated under a spin vacuum and redissolved with 30 l of ethylacetate. The samples were spotted on a silica gel thin-layer chromatography plate and developed in chloroform-methanol (95:5). Acetylated and nonacetylated 14 C-chloramphenicol were detected by autoradiography and quantified in a Storm phosphorimager (Amersham Biosciences). For quantification, lysates were serially diluted 10-fold until the percentage of acetylated 14 C-chloramphenicol was within the linear range. For luciferase assays, 10 l of lysate from each sample was examined in the luciferase assay system used (Promega) by following the manufacturer's instructions. Luciferase activity was measured by a Lumat luminometer.
RNA interference. The target sequences for small interfering RNAs (siRNA) are 5Ј-CCACAGATTCTTGTGAACAACCTTA-3Ј (RIG-I) and 5Ј-CCATTAG GTTCAAGTCAACCACTTA-3Ј (control). siRNAs were synthesized as Stealth_1199 (RIG-I specific) and Stealth_Control_1199 (Invitrogen), respectively. 293T cells were transfected with siRNA (40 fmol) using 3 l of Lipofectamine 2000 (Invitrogen) and incubated at 37°C for 36 h.
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RESULTS
The NS1 protein of influenza A virus interacts with RIG-I. RIG-I has been described as a critical intracellular sensor molecule that, upon recognition of dsRNA and of RNA virus infection, results in transcriptional activation of IFN-␤ (55). Because the NS1 of influenza virus is known to inhibit transcriptional activation of IFN-␤ during influenza and Sendai virus infection or after dsRNA transfection (32, 49, 52), we sought to investigate whether RIG-I and NS1 interact. 293T cells were transfected with NS1 and Flag-tagged RIG-I expression plasmids, and cell lysates were prepared. The cell lysates were subjected to reversible cross-linking immunoprecipitation assays using anti-Flag antibody. Figure 1A shows that NS1 is coprecipitated with Flag-RIG-I. Similar results were obtained without cross-linking, but the use of a cross-linker before immunoprecipitation resulted in a slightly stronger NS1 signal (data not shown). In a second experiment, we tagged NS1 with GFP and performed an immunoprecipitation assay using GFP antibodies in 293T cells coexpressing NS1-GFP and Flagtagged RIG-I. Figure 1B shows that RIG-I comes down when NS1-GFP is expressed. To confirm the interaction of NS1 with RIG-I in influenza virus-infected cells, 293T cells were transfected with Flag-RIG-I plasmid and then infected with influenza PR8 virus or SeV. NS1 was coprecipitated with Flag-RIG-I not only when it was expressed by plasmid transfection but also when expressed by influenza virus infection (Fig. 1C) . These results indicate that, at least in 293T cells, NS1 interacts with RIG-I. 4, and 7) or infected with SeV (lanes 2 and 5) or PR8 (lanes 3 and 6). Cells were collected at 9 h postinfection and subjected to the reversible cross-linking immunoprecipitation assays using anti-Flag antibodies. RIG-I and NS1 were detected by Western blotting using monoclonal anti-Flag and polyclonal anti-NS1 antibodies. Weak bands in the first and second lanes and lanes 1, 2, and 3, of the third blots in panels A and C, respectively, most likely correspond to anti-Flag antibody used in the IP and appearing at low levels after peptide elution of immunocomplexes from the beads. Fig. 2A) and in CAT activity (Fig. 2B) . CAT assay data were consistent with the observed levels of fluorescence in the GFP-expressing cells. Overexpression of wild-type RIG-I resulted in a weak activation of the GFP-CAT reporter gene but potentiated the effects of SeV infection on IFN-␤ promoter activation. In all cases, NS1 expression inhibited reporter gene expression. Thus, NS1 inhibited activation of the IFN-␤ promoter by SeV, RIG-I, or RIG-IN.
In order to confirm that results obtained with the IFN-␤-GFP-CAT reporter gene mirrored the induction of endogenous IFN-␤ expression, we measured (in the same set of experiments) the amount of IFN-␣/␤ secreted into supernatants by a bioassay that is based on the inhibition of replication of an IFN-sensitive virus expressing RFP, NDV-mRFP. Expression of RFP is used as a marker for NDV replication (41) . Red fluorescence was measured in a microplate fluorescence reader. The level of NDV-mRFP replication inversely correlates with the levels of IFN-␣/␤ from transfected and/or infected 293T cells. As seen in Fig. 2C , medium from RIG-INtransfected cells strongly inhibited replication of NDV-mRFP in Vero cells. This inhibition was suppressed by the expression of NS1. SeV infection with or without overexpression of RIG-I induces production of IFN-␣/␤, and this induction is again inhibited by NS1 expression. These results indicate that NS1 inhibits RIG-I-mediated IFN-␤ production.
One consequence of the NS1 inhibiting RIG-I-mediated activation of the IFN-␤ promoter is decreased expression of IFN-␤-responsive genes. To test this aspect, 293T cells were cotransfected with a reporter plasmid expressing GFP fused to CAT protein under an ISRE promoter (pHISG54-GFP/CAT), RIG-I or RIG-IN expression plasmids, and empty or NS1 expression plasmids. A subset of these transfected cells were subsequently infected with SeV at 24 h posttransfection. Cell lysates were prepared at 24 h postinfection and subjected to Western blotting with anti-FLAG and anti-NS1 antibodies (Fig. 3A) . Activation of the ISRE promoter by RIG-IN transfection and by SeV infection was inhibited by NS1 (data not shown), while cells transfected with empty plasmid showed a clear activation of the promoter as demonstrated by the observed GFP fluorescence levels and enzymatic measurements of CAT activity (data not shown).
The inhibitory activity of NS1 on the RIG-I-mediated induction of IFN-␤ could be indirectly mediated by a reduction in RIG-I expression. However, Fig. 1 shows that NS1 expression does not appreciably affect the expression level of RIG-I. For further confirmation, the expression levels of RIG-I and RIG-IN in the presence or absence of NS1 were examined by Western blotting (Fig. 3A) . NS1 expression did not affect expression levels of RIG-I or RIG-IN, indicating that inhibition of RIG-I-mediated induction of IFN-␤ by NS1 was not caused by differences of RIG-I expression levels. Of note, the expression levels of RIG-IN are much lower than those of wild-type RIG-I (Fig. 3A) .
To show that NS1 does not affect the replication of SeV, 293T cells transfected with either empty plasmid or the NS1 expression plasmid were infected with SeV and then stained with a pool of monoclonal antibodies against SeV (Fig. 3B to E). Cells transfected with empty ( Fig. 3B and C) or NS1 ( Fig.  3D and E) plasmids show the same level of SeV viral replication ( Fig. 3C and E) , indicating that NS1-mediated inhibition of SeV activation of IFN expression is not due to a general inhibition of SeV replication by the presence of the influenza virus protein NS1.
Influenza A virus NS1 inhibits nuclear translocation of IRF-3 induced by RIG-I.
We have previously demonstrated that the NS1 protein of influenza A virus inhibits nuclear translocation of IRF-3 after viral infection (49) . To examine the effect of NS1 on the nuclear translocation of GFP-IRF-3 caused by RIG-I, 293T cells were cotransfected with a GFP-IRF-3 expression plasmid and the RIG-I amino-terminal mutant (RIG-IN) expression plasmid with or without the NS1 plasmid. In the absence of RIG-IN, GFP-IRF-3 accumulated solely within the cytoplasm (Fig. 4, panels A-1 and A-2) . Expression of RIG-IN induced the nuclear translocation of GFP-IRF-3, as expected (Fig. 4, panels B-1 and B-2) . The nuclear translocation of GFP-IRF-3 was impaired in cells cotransfected with expression plasmids for RIG-IN and influenza A virus NS1 (Fig. 4, panels C-1 and C-2) .
NS1 inhibits activation of the IFN-␤ promoter by IPS-1. IPS-1/MAVS/VISA/CARDIF has been identified as a downstream mediator of RIG-I signaling through its CARD (19) . We tested the effect of NS1 expression on IFN-␤ promoter activation by IPS-1. 293T cells were transfected with pIFN␤-GFP/CAT in the presence or absence of an IPS-1 expression plasmid and/or NS1 expression plasmid, and IFN-␤ promoter activity was monitored by examining the expressions of the GFP reporter gene (Fig. 5) . (Fig. 5) .
NS1, RIG-I, and IPS-1 are copurified in insoluble complexes. It is known that IPS-1 associates with mitochondrial membranes (44), while RIG-I and NS1 are nonmembrane proteins. Consistent with the Western blot detection of the overexpressed NS1 and RIG-I in the soluble fraction (Fig. 3A) , the majority of NS1 and overexpressed RIG-I remained in a soluble fraction after cell lysis with RIPA buffer, while IPS-1 remained in a RIPA buffer-insoluble fraction (Fig. 6) . Interestingly, coexpression of IPS-1 with RIG-I and/or NS1 resulted in increased levels of NS1 and RIG-I present in the RIPAinsoluble, IPS-1-associated cellular fraction (Fig. 6) . These results strongly suggest that IPS-1, RIG-I, and NS1 become associated in the same cellular complexes. Fig. 2, 4 , and 5 indicate that the NS1 protein of influenza virus inhibits the RIG-I/IPS-1-mediated activation of IRF-3. This is likely to result in inhibition of IFN-␤ production during influenza virus infection. In order to demonstrate that the RIG-I pathway is responsible for induction of IFN-␤ in 293T cells, we used a RIG-I mutant which The IFN-␤ promoter was potently activated in cells infected with SeV (Fig. 7A) . In contrast, the NS1 gene needed to be deleted in order for influenza A virus infection to effectively activate the IFN-␤ promoter (Fig. 7B) , which is consistent with our previous results (15) . The activation of the IFN-␤ promoter was suppressed in cells expressing RIG-IC ( Fig. 7A and  B) , and in cells transfected with siRNA specific for RIG-I (Fig.   7E ), indicating that the RIG-I pathway is critical for the induction of IFN-␤ by Sendai and influenza viruses in this system. A critical role of RIG-I in the induction of IFN by influenza virus was also recently demonstrated by other groups (23, 35) . Interestingly, overexpression of wild-type RIG-I in wild-type influenza PR8 virus-infected cells overcomes the inhibition of IFN induction by this virus (Fig. 7B) . Thus, overexpression of RIG-I can titrate out the NS1 inhibitory action (effect) on IFN induction during influenza virus infection. IFN bioassays performed using culture medium supernatants indicated that the activity of the IFN-␤ promoter reporter gene correlated with the levels of endogenous IFN induced in these cells (Fig. 7C and D) . 
RIG-I-dependent induction of IFN-␤ during influenza virus infection. The results in
DISCUSSION
We previously found that the NS1 protein of influenza A virus inhibits the induction of IFN-␤ during influenza virus infection (15) . Expression of only the amino-terminal dsRNAbinding domain of NS1 appears sufficient to prevent the induction of IFN-␤ (51). In agreement, mutations of the amino acids R38 and K41 responsible for binding to dsRNA result in mutant NS1 proteins with impaired abilities to inhibit the induction of IFN-␤ (11, 49) . A possible mechanism then for inhibition of IFN induction by the NS1 protein is the sequestration of dsRNA induced during influenza virus infection. However, several lines of evidence suggest that additional mechanisms are involved in the NS1 inhibitory properties on IFN production. First, dsRNA-binding-deficient NS1 proteins are not completely deficient in inhibition of IFN induction (11) . Second, the IFN antagonist functions of the NS1 protein from some viral strains are more efficient than others in inhibiting the IFN system, depending on the host species (16) . This host specificity cannot be explained by merely sequestration of viral dsRNA and most likely reflects NS1 interactions with host factors. Third, dsRNA is likely not to be the only molecule produced during viral infection to trigger the IFN system; in fact, little dsRNA is detected in cells infected with influenza viruses (53) . Therefore, we postulated that, in addition to inhibiting dsRNA binding, the NS1 protein of influenza A virus may inhibit the induction of IFN-␤ by interacting with host factors involved in IFN-␤ expression.
The inhibition of IFN-␣/␤ production by the NS1 protein is mediated by an inhibition of the activation of transcription factors involved in induction of the IFN-␤ promoter, including IRF-3, a key mediator of IFN-␤ production (49) . IRF-3 can be activated in response to different stimuli, including the activation of TLR pathways, but more recently, it was found that induction of IFN-␤ by RNA virus infection is mediated in most cell systems by a TLR-independent pathway based on activation of cellular RNA helicases, such as RIG-I and Mda-5 (23, 36) . In fact, RIG-I was recently demonstrated to be essential for the induction of IFN-␤ by influenza virus in a mouse knockout system (23) . Our results with a dominant negative RIG-I and with RIG-I-specific siRNA are also consistent with this notion (Fig. 7) . It remains to be seen whether the NS1 protein can inhibit the activation of IFN in specialized cells that use TLR-7/8 pathways to induce IFN in response to RNA viruses, such as plasmacytoid dendritic cells (22) . Based on the proposed central role for RIG-I as a cellular sensor of viral products resulting in activation of IRF-3 and induction of IFN-␤ and also based on the fact that the NS1 of influenza virus inhibits the activation of IRF-3, we investigated the possibility that NS1 and RIG-I interact. This was readily seen in coimmunoprecipitation experiments (Fig. 1) . Importantly, NS1 expression inhibited the RIG-I-mediated activation of IRF-3 and of the IFN-␤ promoter even when a constitutively activated mutant form of RIG-I, RIG-IN, was used ( Fig. 2 and  4) . Wild-type RIG-I is believed to be activated by binding of its C-terminal helicase domain to dsRNA. Binding of dsRNA results in a conformational change within RIG-I that exposes an N-terminal domain containing a CARD that acts as a protein-protein-interacting module, thus allowing the recruitment of downstream cellular factors and the induction of IRF-3 activation (55) . Expression of this RIG-I CARD or RIG-IN bypasses the requirement for dsRNA for activation and results in constitutive induction of IRF-3 and IFN-␤. Since NS1 expression can inhibit signaling mediated by RIG-IN, it suggests a mechanism of action of NS1 independent of dsRNA binding. Future characterization of the domains of NS1 responsible for binding to and inhibiting RIG-I may shed light on the structural requirements for the IFN-antagonistic functions of the influenza A virus NS1 protein. In this respect, it is worth mentioning that the crystal structure of the N-terminal region of NS1 is known (29) and that the structure of the C-terminal region of NS1 has recently been solved (8) . Once these domains are determined, the use of reverse genetics will allow the generation of mutant viruses expressing NS1 proteins impaired in RIG-I binding in order to study the phenotypic impact of this NS1 property.
Although we could demonstrate an interaction between RIG-I and NS1 in coimmunoprecipitation experiments, we cannot exclude the possibility that this interaction is not direct and could be mediated by a second cellular bridging protein. In fact, when we used NS1 and RIG-I purified from bacteria, we were unable to detect an interaction (data not shown). The downstream cellular effector of RIG-I is known to be a mitochondrial resident protein with a cytoplasmic CARD, known as IPS-1, MAVS, VISA, or CARDIF (25, 37, 44, 54) . Interestingly, when we overexpressed IPS-1, we observed that both RIG-I and NS1 levels are enriched in a RIPA buffer-insoluble cellular fraction that is highly abundant in IPS-1. Overexpression of RIG-I did not affect the levels of NS1 recovered in the insoluble fraction when coexpressed with IPS-1, indicating that RIG-I does not compete with NS1 for binding to IPS-1. In fact, the results suggest that NS1 localizes in the same complex with RIG-I and IPS-1 during viral infection, resulting in inhibition of further downstream signaling to the IRF-3 kinases. We are currently exploring this possibility.
The RIG-I/IPS-1 pathway appears to be targeted by different viruses to achieve inhibition of the IFN-␤ system. One of the best characterized examples of such a virus is hepatitis C virus, whose viral protease, NS3-4A, cleaves IPS-1 and renders this cellular protein inactive (28, 30, 37) . Several paramyxoviruses encode a viral protein, the V protein, that interacts with mda-5, a cellular protein with high similarity to RIG-I and which has also been implicated in antiviral functions by triggering IFN-␤ (3). In the case of influenza A virus, the NS1 protein is required for IFN-␤ antagonism, and this appears to be mediated by two independent mechanisms, one involving sequestration of dsRNA (11) and the second one most likely mediated through an interaction with RIG-I (this study). Moreover, NS1 has also acquired mechanisms to inhibit the IFN response at steps after IFN transcription, including inhibitory effects of cellular RNA processing (26) and inhibition of two important IFN antiviral effectors, PKR (5, 27) and OAS (38) . The presence of multiple mechanisms in the NS1 protein of influenza virus to inhibit the IFN-␣/␤ system illustrates the importance of this system in the fight against virus infections in general and influenza virus infections in particular.
Despite the presence of inhibitors of IFN-␤ production in many viruses, it is also evident that hosts are able to induce IFN-␤ after viral infection. Influenza viruses are not an exception to this observation. Natural infection with influenza A virus results in IFN-␣/␤ production (20) , and in fact, global patterns of host gene expression during influenza virus infection are characterized by an IFN signature with an upregulation of many IFN-␣/␤-responsive genes (21) . However, the absence of NS1 renders influenza virus an even higher IFN-␣/␤ inducer, and this greatly limits its replication in vivo, resulting in attenuation (13, 43, 46) . Thus, hosts and viruses have evolved a very intricate and delicate balance of responses and counter responses, and the IFN-␣/␤ system exemplifies many of these processes as a central mediator of innate and adaptive immunity (14) . A better understanding of these processes may help us in the design of novel therapeutic and prophylactic strategies.
In summary, we found that the NS1 protein of influenza virus interacts with RIG-I and inhibits the RIG-I pathway, preventing the activation of IFN-␤ by the cell. Targeting of the RIG-I/IPS-1 pathway leading to the activation of IFN appears to be a strategy shared by several viruses that we are just starting to understand. Our results are likely to stimulate more research on the interactions of different viruses with the RIG-I/IPS-1 pathway and research on how these interactions may modulate virulence and pathogenesis.
